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SECTION 1

INTRODUCTION

This report is a comprehensive user's guide to the CM3DT blunt

body code for the calculation of inviscid, hypersonic flow over ablated
reentry vehicle nosetips. This code provides numerical solutions to the

exact inviscid time-dependent fluid mechanic equations and is formulated

in terms of a generalized coordinate system that is automatically aligned
with asymmetric nosetip geometries. The analysis from which this code has

been developed may be found in Reference 1.

A brief description of the techniques used in this code is

given in Section 2.0, and the logical organization of the code is described

in Section 3.0. The inputs required by this code are defined in Section

4.0, and Section 5.0 describes the output generated.

The coupling of this nosetip flow field code to an inviscid

supersonic aftertody code, enabling inviscid aerodynamic predictions to
be made for entire reentry vehicles, is described in Section 6.0. Samples

of the code inputs are provided in Section 7.0. Section 8.0 presents

criteria to define those indented nosetip shapes for which the CM3DT code

can be expected t(, produce accurate inviscid flow field results.

The CM3DT code was developed on the CDC Cyber 176 computer, and

is compatible with the CDC 7600 computer. Qualified users may obtain this
program through BMO/SYDT.

3.



SECTION 2

DESCRIPTION OF THE TECHNIQUE

The CM3DT code is a numerical procedure for the calculation

of hypersonic inviscid flows over reentry vehicle nosetips. This

procedure has been developed with the goal of computing flows over ablated,

asyntietric nosetip geometries which could not be treated by previous

inviscid blunt body codes. In particular, this technique has extended
the range of nosetip geometries for which successful inviscid flow field

calculations can be performed by using a new coordinate system which can
be closely aligned with the body geometry and by using the X-differencing

scheme for calculations on indented shapes where embedded shocks form.

The CM3DT code computes the steady flow over a nosetip as the

asymptotic limit of an unsteady flow, integrating the inviscid time-

dependent equations with a second-order accurate, forward-marching (in

time), explicit finite difference scheme. Body and bow shock points are

computed using forms of the appropriate characteristic compatibility condi-
tions. Because of the inviscid flow assumption, this technique is limited

to high Reynolds number flows (thin boundary layers) without- separation.

".;ie coordinate system used in this technique is the result of

conformal transformations carried out in each meridional plane, closely
aligning one of the coordinates with the body, and having another coordinate

nearly normal to the body. The conformal transformations are defined in

terms of "hinge points", which are discrete points selected within each
meridiornal plane that approximate the body meridional curve. The hinge

points may be specified by the user of the technique, or can be generated

internally by the code.

4.
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Numerical caiculations are performed in a computational coordi-

nate system, in which mesh points are equally spaced in the transformed

coordinate system: circumferentially, along the body profile, and between

the body and the shock.

Two computational procedures are available within the CM3DT

code; the basic non-conservation approach and the X-differencing approach.

The non-conservation procedure is the standard technique for most convex

nosetip flow field calculations; however, for calculations where embedded

shocks form, the X-differencing technique must be used. The X-differencing

technique is capable of computing embedded shocks in an approximate manner
by use of a finite difference technique thaL accurately models the physical

domain of dependence of each point being computed.

The CM3DT blunt body code has been coupled to a steady super-

sonic afterbody code to enable the prediction-of inviscid aerodynamic

characteristics for an entire reentry vehicle with an ablated nusetip.

For a maximum flexibility, the nosetip centerline may be rotated in both

pitch and yaw relative to the afterbody axis, which may itself be bent in

the pitch plane.

For a typical blunt body calculation, with 6 points between

the body and bow shock, 18 points along the body, and 9 circumferential
planes, and run for 400 time steps, the non-conservation code requires

approximately two minutes central processor time on the CDC Cyber 176

computer, while the A-differencing procedure requires approximately three

minutes. (In comparison, the blunt body code formulated in a spherical
coordinate system described in References 2 and 3 requires slightly more

than one and a half minutes for the same c&se.) The CM3DT code requires

81000 words of core storage.

The analysis on which the CM3DT coda is based is described
in more detail in Reference 1.

5.
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SECTION 3

LOGICAL ORGANIZA'ION OF THE CODE

This section contains a description of the logical flow of the

CM3DT program. An alphabetical listing of the subroutines found in CM3DT,
together with a brief description of each routine, may be found in the

Appendix, Section 10.3.

The main program (CM3DT) reads and prints out the input data.
Freestream and stagnation point conditions are calculated (FREE, ATMP,

STAGPT). For a real gas calculation, tables of shock properties are
computed (SHKTAB). Hinge point locations are calculated, if not input,
and printed out (HING30). The required geometric parameters are deter-

mined using GEOM3 (analytic geometry), GEOM4 (arbitrary geometry with no
centerline offset), or GEOM5 (arbitrary geometry with centerline offset).
An approximate bow shock shape is defined, the computational grid is

determined, and coordinate transformation parameters are calculated for
each grid point (GRID3D, MAP3D). Initial estimates of pressure, entropy
and the transformed velocity components are made at each point in the

c.omputational grid. If the option to save data on a binary file has been
chosen, the binary file is initialized and the data written (BFL3CM).

(In the case of a restart, all initial data are read from the binary

file.)

The difference equations for the flow variables of pressure,

velocity components, and entropy are solved in PVE3DNC if the non-

conservation form has been chosen, or in PVE30L if the X-scheme is
desired. At the *¶;inning of each of these subroutines, the time step

counter is incremented by one. When the predictor-corrector loop for a
Stime step has been completed, data at each grid point are Drinted if

output is desired at that step, and saved on the binary file if at a step

6.
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specified. If the current time step is not the last step desired, a
transfer back to the beginning of PVE3DNC or PVE3DL is iode; otherwise,
control returns to CM3DT, and the program terminates.

The CM3DT program requires 81000 (decimal) words of memory for

execution, without overlays. The program may be compiled and executed
from an UPDATE program library or loaded and executed from a user-created
LIBRARY. In the first case, it is necessary to omit from the list of
subroutines to be compiled either PVE3DNC (if the )-scheme option is
chosen), or PVE3u6 (if the non-conservation frethod is desired). Since
these subroutines are mutually exclusive, loading both would unnecessarily
increase the core storage required. In like manner, loading from a LIBRARY
requires use of the LDSET(OMITuPVE3DNC) or LDSET(OMIT-PVE3DL) comuand in
the CDC control card stream. Regardless of the method of loading the
program, it is necessary to preset core memory to zero before initiating
execution. Following are examples of each of the above methods of loading

and executing CM3DT:

1.) Compiling and executing CM3DT from an UPDATE program library:

JOBCARD,
ACCOUrLT,
RPE0UEST TRAPE21P, *PF.
ATTACH, OLDPL, CMD'TPL, ID..--------
ULPDRTE.
FTN (I ",OILE, E =CM3)TST. L=")
LD11E T E PPEC:ET=ZEP13)
CM$DT B.
CRTALOG, TRPE21, CM3t'TDRTR, RF'=999, ID-.

*'OmP I LE CM'3DT PVE3DrIC:, HI C ,3D, Gi.I D?'.:L OI T3Dý ,BFL3CM, MAIP:':D
*C:OMIIP I LE ,3EDM3: '3EOr14,* GEOMI,5 $TRGFT, P SHt'TFAB,i SH,"C K, FPF'EP GRF•'TMP
*:O'MP I LE CUFT I CLIFT2, TL I , RTERRP, I DEAL, LIN B, F:LMR TRL,, TLU I

C m -3,]D T INIPUT DRTR
6 7?
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2.) Loading and executing CM3DT from a user library:

:TTC:H-L I, PC-M3DTLIEP I Di .-------
L I PARY (LI P)
LDET (:ESET='2EP, •M I T-PVE$'Ci+iC.

EXECUTE.

-CM 3- T 1LIT DFITi4

The file specified for storage of binary information in the CM30T
program is TAPE21. Since TAPE21 is both an input and an output device to

the CM3DT program, it is advisable, in cases of restart, for the user to
attach the data file from which the program is to be restarted, with some
designator other than TAPE21, and then copy this file to a TAPE21 local

to the job, to eliminate loss of data in the event of error.

In coupling the CM3OT program to the afterbody code, it is first

necessary to perform the CM3DT calculation and save the data. Then the
afterbody program must be modified in the following manner:

1.) Subroutines CM3ST, REALP, and BFL3CM must be in-
corporated into the afterbody code,

2.) The variables X0, ZO, ZB and TEST(4) must be added

tc the list of input variables, with the default
values of the first three set at 0.0 and the

fourth at 1,0E-3.

8.



SECTION 4

CODE INPUTS

This section details the input variables required by the

CM3DT code. The input variables are discussed in theiý, natural groupings;

i.e., geometry specification, freestream conditions, grid selection, out-
put controls, and special options. A glossary of all input variables is

provided in the Appendix, Section 10.1.

4.1 C-GOMETRY

The body geometry can be specified in either of two ways:

analytically (for axisynmetric geometries) or by tabulation of body points

(for arbitrary geometries). Several options are available within the
arbitrary geometry definition procedure to simplify the input required for

special cases; these options are detailed in Section 4.1.2.

, I
Several geometric input parameters are common to both the

analytic and arbitrary geometric definition procedures. In both cases

the geometry is defined relative to a user defined nosetip geometric

axis, which must intersect the afterbody axis. For generaliry, the after-
body axis may be bent in the pitch plane, and the nosetip geometric axis

may be rotated in both pitch and yaw from the bent afterbody axis.

The orientation of the nosetip geometric axis relative to the
afterbody axis is illustrated in Figure 4.1. The bend angle (if any) of

the afterbody axis in the pitch plane is denoted by 6A (DELA), input in

degrees. The angles 61 (DEL1) and 62 (DEL2), also specified in degrees,

define the orientation of the nosetip geometric axis relative to the bent

afterbody axis in the pitch and yaw planes, respEctively. This procedure

for the definition of the nosetip geometric axis (x-axis) allows the user

9.
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the flexibility of using the most appropriate axis for defining an ablated

nosetip geometry, independent of the orientation of the nosetip shape
relative to the afterbody. The geometric nosetip axis intersects the bent
afterbody axis at R =o(XHO).

Two other geometric parameters must be specified in all cases.
The first, XBO, is the point on the x-axis that intersects the body surface,

as shown in Figure 4.2. The second parameter, the avray XBB(L), specifies
the x locations at the body that define the downstream boundary of the
region to be computed, as illustrated in Figure 4.2. Details on the use

of the XBB array vary with the geometry option used, and are discussed in

Sections 4.1.1 and 4.1.2.

In all cases, the values in the XBB array must be selected

sufficiently far-downstream that the flow across the downstream boundary
is supersonic. Additionally, the region of influence of any downstream
boundary point must not contain any other. The downstream boundary must
be selected so that the region computed will include complete shock layer
information in the initial plane for the afterbody calculation.

4.1.1 Analytic Geometry

Sufficiently regular, axisymmetric geometries may be defined
analytically in CM3DT. The analytic description consists of specification
of coefficients of a general equation for each of several curve segments.

With this geometry option, the nosetip geometric coordinate system (,Y,$)
serves as the computational coordinate system (x,y,4). The number of

segments to be used is specified by NSEG; a maximum of six segments is
allowed. Endpoints of the segments are defined in the ADIV(J) array;

NSEG-1 values of ADIV must be input. Within each segment, the curve is
defined from

y(x) = A1 + A2i + A3i2 + A4x 3 + Asxi + Aj 5

+ A Aa + A 2 - (i- A11 ) (4.1)
7 9 10 1 1
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where x - A1 2. The coefficients A, for each segment j are input via

the ACOF(I,J) array.

When using the analytic geometry option, the user must ensure

that the analytic description is consistent with the value of Y30 specified,
and that the segments specified are continuous.

To c'efine the downstream Loundary of the computation region when
using this geometry option, only XBB(1) need beinput, as the downstream
boundary is assumed to be axisymmetric 'for axisymmetric nosetip geometries.

4.1.2 Arbitrary Geometry

Two arbitrary geometry options are available within the CM3DT

code. In both cases, the nosetip geometry is defined in the (x,y,$)
cylindrical coordinate system, which intersects the bent afterbody axis
at x = xo (XHO) and is oriented relative to the bent afterbody axis by the
angles 6I (DELl) and 62 (DEL2). The first arbitrary geometry option allows
definition of profiles in meridional planes to establish the nospetip geometry
(with several special options available for defining the nature of the
cross-sections). The second option allows the specification of cross-

sections (of several special types) at specified axial stations, with the

cross-section centers potentially offset from the X axis. These options are
described in greater detail below.

4.1.2.1 Arbitrary Geometry Without Centerline Offsets (NPHI>O)

With this option, arbitrary geometries are defined by tabular

specification of points XB(I,L), YB(I,L) in the 0 planes defined by the
array PHIBD(L) (degrees). NPHI (which is a positive number for this option)
specifies the number of PHIBD planes in which XB, YB points are to be

defined, and the array NPTS(L) specifies the number of XB, YB points input

in each plane. A maximum of nine planes of geometry may be defined, and a

maximum of 50 XB, YB points may be specified in each plane.

13
13.



When this arbitrary geometry option is used, the computational

(x,y,o) coordinate system is identical to the nosetip geometry (x, ,$)y
coordinate system. The program automatically sets XB(1,L) to XBO and

YB(1,L) to 0.

Cubic spline fits of the XB,YB data are used both longitudinally

and circumferentially to determine the body geometry at any point. A

number of options are available with the arbitrary geometry procedure to

provide for special cases in which the cross-sectional character of the

nosetip is known. These cases are enumerated below, and are illustrated

in Figure 4.3. Use of these special cases is determined by the value of

NPHI specified.

Axisymmetric Arbitrary Geometry (NPHI = 1)

This option is exercised by setting NPHI - 1. Circular cross-

sections are assumed, and only one XB,YB table need be input, along with

NPTS(1). The PHIBD array is not required for this caos.

Offset Circular Cross-Sections (NPHI = 2)

With this option, the body cross-sections are assumed to be

circular, with the centers of the cross-sections offset from the nosetip

computational axis in the pitch plane. Use of this option requires setting

NPHI = 2 and supplying two sets of XB,YB data, with the appropriate values

of NPTS. The PHIBD array is automatically set to 00, 1800, and no PHIBO

input is required of the user. The arrays XB(I,1) and YB(I,1) are assumed

to de-ine points in the 0=- 00 plane, ard the XB(I,2) and YB(I,2) arrays

are assumed to define points in the 0 1800 plane, relative to the nosetip

geometric coordinate system.

14.
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Bi-Elliptic Cross-Sections (NPHI 3)

By setting HPIiI a 3, bi-elliptic cross-sections are assumed,

and the body geometry is assumed to be symmetric about the pitch plane.

Three planes of XB,YB data with their associated values of NPTS are re-

quired and are assumed to apply to the - 00, 900, and 1800 planes.

With this option, each quadrant of the cross-section is fit as the

quadrant of an ellipse. Again, the PHIBD array is not required for this

option.

Quad-Eliiptic Cross-Sections (NPHI - 4 and ISA - 2)

The quad-elliptic cross-sectlon option is exercised by setting

NPHI = 4 with ISA - 2 (no pitch plane of symmetry). With this option,

XB,YB and NPTS data must be input in the 0 = 00, 900, 1800, and 2700

planes and no PHIBD input is required. Each qL'adrant of the cross-section

is assumed to be the quadrant of an ellipse. (Note that when NPHI ft 4

and ISA = 1, arbitrary cross-sections with a pitch plane of symmetry are

assumed.)

When using this arbitrary geometry option (NPHI>O), the down-

stream boundary of the computational region is defined by specifying the

array XBB(L), where each element defines the location of the downstream

boundary at the body in the corresponding PHIBD(L) plane of input geometry.

The appropriate values of XBB in the planes to be computed are determined

automatically within CM3DT by linear interpolation in 4.

16.
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4.1.2.2 Arbitrary Geometry with Centerline Offsets (NPHI<O)

In using this arbitrary geometry option, body cross-sections of
certain limited classes are defined in specified planes normal to the

A
nosetip geometric axis, x. The center of each cross-section may, however,
be offset in both the pitch and yaw planes from the R axis.*

This geometry option is invoked by specifying a value of MPHI<O;

the value of NPHI determines the type of cross-section to be defined, as
shown in Figure 4.4. Admissible cross-sections include circular, elliptic,
bi-elliptic, and quad-elliptic.

Stations at which the cross-sectinns are to be defined are

specified through the array XE(I), where XE represents R, the axial co-
ordinate in the nosetip geometric coordinate system (which is related to
the bent afterbody axis through the values input for DELl, DEL2, and XHO).
Cross-sections may be defined at up to 50 stations, and XE(1) must equal
XBO. The number of cross-sections input is set by NPTS(1).

At each of the specified stations, the offset of the cross-
section center from the geometric axis is defined by the arrays D1(I)

(offset in pitch plane) and D2(I) (offset in yaw plane), as shown in
Figure 4.5. An option also exists in which the centerline offset in the
pitch plane may be defined analytically through the ACOF and ADIV arrays,
using the same approach as for the analytic description of axisymmetric
body geometries, except that the number of segments used is input as a
negative number (NSEG<O). With the pitch offset defined analytically, the
yaw offsfet is assumed to be 0.

Parameters describing each cross-section are input through the

arrays AE'I), BE(I), CE(I), and DE(I), which correspond to the quantities
a, b, c, and d shown in Figure 4.4. The types of cr:ss-sections allowed

are detailed below.

*Notw that if a $ 0, A 0 0, or 6A 0 0, the nosetip cross-sections will not
be perallel to afterboiy cross-sections. It is the responsibility of thet 'user to ensure compatibility between the nosetip and afterbody geometry
definitions.

17.
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Circular Cross-Sections (NPHI a -1)

This option is exercised by setting NPHI * -1. Circular cross-
sections are assumed, and input is required for the XE and AE arrays only,
as well as the definition of the offset of each cross-section center.

Elliptic Cross-Sections (NPHI a -2)

By setting NPHI a -2, elliptic cross-sections are assumed, with
input required for the XE, AE, and BE arrays, plus definition of the offset
of the cross-section centers.

Ri-Elliptic Cross-Sections (NPHI a -3)

With this option, the body cross-sections dre assumed to be bi-
elliptic. Use of this option requires setting NPHI - -3 and supplying
values for the errayt XE, AE, BE, anld CE, as well as the information
requireci to de.4ne the offset of the cross-section centers.

Quad-Elliptic Cross-Sections (NPHI - -4)

The quad-elliptic cross-section option os exercised by setting
NPHI a -4 and supplying data for the XE, AE, BE, CE, and DE arrays, as
well as the definition of the offset of each cross-section center.

When this arbitrary geometry option is used, it is necessary
to define a computational (x,y,o) coordinate system that differs from the
geometric (P,',$) system to avoid multi-valued body geometric functions
y - Yb(X,4). The computational x-axis is defined automatically within

CM3DT as a straight line that passes through the most forward point of
the body, specified by XE(1) = XBO, D1(1), and D2(1), and that intersects
the 2 axis at ko (XHO). (Note that the input XHO in CM3DT is identical
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to the input XO in the afterbody code, described in Section 7.2.) Details

of the coordinate transformations are provided in the Appendix, Section

10.4.

Calculations required for the computational centerline are

carried out internally within CM30T, including redefinition of XBO and

XHO for consistency with the new coordinate system, with XBO set equal to

zero at the geometric stagnation point. In addition, new values of 61

and 62 are computed to define the orientation of the new computational axis

relative to the bent afterbody axis. New values of o and 1 (relative to

the computational axis) are also computed from the new values of 81 and

621 as discussed in Section 6.

When using this geometry option, the downstream boundary of the

computational •eCion is defined by specifying XBB(1); the downstream

boundary is then taken to be the axial location XE(I) that is the first

one located downstream of XBB(1). This boundary in the i-system is then

transformed Internally within the CM3DT code to produce a new array of

XBB data for the planes to be computed in the computational (x,y,*)

coordinate system.

4.2 FREESTREAM CONDITIONS AND THERMODYNAMICS

4.2.1 Freestream Conditions

For each calculation it is necessary to specify the freestream

Mach number (AMINF) or the freestream velocity (QINF), as well as the

static pressure and temperature (PINF and TINF). Values of PINF and TINF

will be generated automatically from the 1962 standard atmosphere tables

by specifying the desired altitude (ALT) and the flag IATMP 0 0. For

non-dimensional ideal gas calculations, PINF and TINF are set to 1.0

(default values).
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The orientation of the vehicle relative to the freestream

velocity vector is defined by specification of the angle of attack (ALPHA)
and the sideslip dngle (BETA). The angles ALPHA and BETA, specified in

degrees, are defined relative to the unbent afterbody axis; the CM3DT

code will automatically compute the values of a and B relative to the nose-
tip computational axis as required for the computational procedure. Thus

the orientation of the nosetip centerline relative to the wind vector is

defined in terms of ALPHA, BETA, DELA, DELI, and DEL2. (Note that if
NPHI<O, the values of DELl and DEL2 are recomputed internally by CM3DT.)

When ISA - 1 is input, signifying a pitch plane of symmetry,

the sideslip angle BETA is automatically set to zero by the code.

Sign conventions for ALPHA and BETA are shown in Figure 4.6;
positive ALPHA implies nose up and positive BETA implies nose left,
relative to the freestream velocity vector.

4.2.2 Thermodynamics

Two options are available within the CM30T code for the

thermodynamic model used: ideal gas and equilibrium air (real gas).
These options are described in more detail below.

4.2.2.1 Ideal Gas (IRG a 0)

The standard operating procedure for ideal gas calculations is

to use non-dimensional variables, in which PINF * TINF - RIDEAL - 1.
With this normalization the variables take the forms:

CM3DT ACTUAL

p pp
P P/P.

T T/T'

(u,v,w) (uvw)/i/P- .
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Note that with this formulation the gas law becomes p = pT. The isentropic

exponent is specified as GIDEAL. If desired, a compressibility factor

(ZIDEAL) may also be specified.

Dimensional ideal gas caluclations are also possible, requiring

only that a dimensionally consistent value of RIDEAL is specified, as well

as appropriate values of PINF and TINF.

"4.2.2.2 Real Gas (IRG = 1)

All quantities in real gas calculations are dimensional with

the units:

CM3DT ACTUAL

p lbf/ft 2

p slugs/ft 3

T OR

(u,v,w) ft/sec

The real gas thermodynamic properties available in CM3DT are for

equilibrium air. Gas properties required during the calculation are ob-

tained by interpolation on the thermodynamic property tables supplied with

the code.

4.3 GRID DEFINITION

In the CM3DT code a conformal transformation is used to map the

cylindrical (x,y,o) computational space onto (E,n,e) space, where n - con-

stant surfaces are closely aligned with the b(dy surface and { = constant

surfaces are nearly normal to the surface. The transformation used is

based on a number of "hinge" points selected within each 0 plane being

computed that lie within the body profile and closely model the body shape.

These hinge points may either be input by the user or are generated

24.
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automatically by the code, except when the offset centerline geometric

option is used (in which case the hinge points will be generated auto-

matically in the computational coordinate system). The conformal trans-

formation will, in general, be non-axisynmetric (IMAP a 1; default value),

unless the user specifies an axisynmetric transformation (IMAP 0 0) or

the nosetip geometry is axisymmetric.

4.3.1 Automatic Generation of Hinge Points

The standard option in CM3DT is to have the hinge points generated

automatically, selected by setting IHINGE a 0 (default value). The hinge

points to be generated, illustrated in Figure 4.7, consist of one point
on the centerline in front of the body, one on the centerline inside the
body, and the rest equally spaced in body wetted length, located inside

the body along inward body normals. The last hinge point is located

downstream of the end of the body geometry to ensure a smooth transformation.

If the offset centerline geometric option is used, the hinge points must be

generated automatically.

The number of hinge points generated in each plane is determined A

by the input JA; JA+2 hinge points will be generated in each plane. The

maximum value of JA is 7. If an axisymmetric body geometry is specified,

the hinge point locations will be the same in each 0 plane (axisymmetric

mapping).

The first hinge point is located at a distance of TEST (8) * Ao

forward of the body, where Ao is an estimate of the shock stand-off distance

computed automatically within the code as a function of M= and RN, the

effective nose radius. Subsequent hinge points are located a distance

of DELH*RN along inward body normals equally spaced in wetted length along

the body surface.
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4.3.2 Input Hinge Points

The user may, if the offset centerline geometric option is not

used, input the hinge point locations. This option is exercised by setting
IHINGE a 1 and specifying values for Hl(I,L), the hinge point locations

in (x,y) space for each of NPHI planes. Note that H1 is a complex array,

where H1 - x+iy. JA must also be specified with this option.

If an axisymmetric mapping is desired, the parameter IMAP is set

to 0 and only one plane of H1 data need be input. (An axisymmetric mapping

is assumed if the body geometry is axisymmetric.) For a non-symmetric

mapping, NPHI (see Section 4.3.3) planes of H1 data must be specified,

and each plane must contain JA+2 hinge points. The Hi points are input in

the order shown in Figure 4.7.

4.3.3 Definition of Computational Grid

Calculations in CM3DT are performed in a computational grid

constructed in the transformed (f,n,G) space, as described in Reference 1.

The coordinate surfaces are then defined by 0 = constant surfaces (ý planes),

S= constant surfaces (which are nearly normal to the body), and n - con-

stant surfaces (which are nearly parallel to the body). Note that these

surfaces, when transformed back to the physical (x,y,t) space, result in

curved coordinate surfaces, as illustrated in Figure 4.8.

The number of grid points used in the calculation are specified

by the parameters LMAX, MMAX, and NMAX. LMAX meridional planes are

equally spaced circumferentially on the body, MMAX surfaces are equally

spaced in E within each meridional plane along the body surface, and NMAX

points are equally spaced in n between the body and shock along each

• constant curve within each meridional plane. The maximum allowable

values for LMAX, MMAX, and NMAX are 9, 18, and 11, respectively.
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The parameter ISA is used to denote those cases in which a pitch
plane of symmetry exists. For ISA - 1, the body geometry must be symmetric

about the pitch plane, there must be no sideslip (BETA - 0.0), the angle
62 must be zero, and, if NPHI<O, there must be no geometric offset of the

cross-sections in the yaw plane (D2 a 0); all other cases require ISA a 2.
With a pitch plane of symmetry, calculations are performed only between

0 0 O and 0 a 180'; with ISA - 2, * varies between 00 and 3600.

For those cases with ISA a 1, LMAX must be specified as an odd
integer; with ISA - 2, LMAX must be an integer multiple of 4. (These re-

strictions arise from the numerical treatment of the centerline.) The CM3DT
program will automatically correct the value of LMAX specified to satisfy

these criteria if necessary. However, if the corrected value of LMAX ex-

ceeds the maximum allowed (9), the program will stop.

4.4 OUTPUT CONTROLS

In the CM3DT code, complete field output is provided every KOUT

steps, starting with step 0, as well as at the last time step. The amount of
output provided is determined by the parameter JOUT. For JOUT - 0, only the
primary flow variables at each grid point are printed (p,u,s/R,etc.), as well

as information regarding the position and velocity of shock points and the

shock slopes.

When JOUT = 1, the output will also include parameters of the co-

ordinate transformation ({,n,g,C,S,0). For non-symmetric mappings (IMAP - 1),

information on the circumferential variations of the mapping at each grid
point (g€,,€) will be printed for JOUT - 2. Note that specification of an
axisymmetric mapping (IMAP - 0) precludes exercising the JOUT a 2 option,

since all circumferential derivatives of the transformation would then vanish.

A complete description of the variables output using these various

options may be found in Section 5.0.
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In addition to the printed output, CM3DT can also generate output

on a binary file. The binary file output is necessary for restarts (Sec-
tion 4.5.1) and for generating the required initial data for supersonic

afterbody calculations (Section 6.0). The parameter controlling the genera-

tion of binary file output is KTAPE. No binary file output is created if

KTAPE<O; otherwise, complete flow field data is written on the file every

KTAPE time steps.

4.5 OTHER PROGRAM CONTROLS

4.5.1 Time Step Controls

The number of time steps to oe taken by the CM3DT code is governed
by the inputs KSTART and KMAX. KSTART denotes the number of the time step
at which the calculation begins; if KSTART is not input the solution Is

automatically initialized at step 0, and a value of KSTART greater than

zero indicates a restart of a previous solution from binary file output.
For a restart, KSTART must correspond to one of the time steps stored on

the binary file.

The last time step to be tfken is denoted by KMAX. When this

step is reached, the solution is terminated, the field data at that step

is output, and (if KTAPE>O) the solution is written on the binary file.

The size of the time step is controlled internally by the CM3DT

program. The computed time step may be altered by the factor STAB at the
discretion of the user; however, values of STAB greater than 1.0 may lead

to unstable calculations. In normal applications, the user need not be

concerned with modifying the default value of this parameter (1.0).

During the calculation, the computational scheme requires that

after each time step an inverse mapping (from ((,n,8) space to (x,y,ý)space)

be performed to update the transformation parameters and relocate the grid

points in physical space as the grid varies with time. For increased

30.
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efficiency, however, this inverse mapping need not be performed after every
time step. The input parameter KGRID (preset to 10) defines the number of

time steps to be taken between calls to the inverse mapping subroutine.

4.5.2 Solution Initialization

When starting a solution from step 0, the CM3DT code automatically
generates an estimate of the complete -flow field to provide the required

initial data. Only one user input is required for this initialization, the

effective nose radius, RN. The value of RN controls the estimate cf the

shock stand-off distance at the centerline, which is based on a correlation

of stand-off distances for spheres vs. Mach number. Thus, RN should re-

present the effective radius of the nosetip being computed at the centerline.

4.5.3 A-Scheme Calculations

Two calculation procedures are available within the CM3DT program:

the non-conservation code (ILAM - 0) and the X-differencing code (ILA4 - 1).

Because of its slightly greater efficiency, the non-conservation option is

the preferred procedure for convex body shapes (no embedded shocks) without
sharp corners. For indented shapes, where embedded shocks are anticipated,

the X-differencing procedure is required. Furthermore, the X-scheme offers

the advantage of minimizing oscillations in the solution when corners are
present in the body geometry that are not adequately resolved with the com-

putational grid.

4.5.4 Shock Tables

In equilibrium real gas calculations, downstream shock point pro-

perties are determined from interpolation on a table of shock properties as

functions of the normal component of freestream velocity relative to the
moving shock. The number of entries in the table can be specified through

the input parameter NUWTB, which is preset to 91. The upper and lower limits
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on the table are specified as UWTBMX and UWTBMIN, respectively, and are

preset to 1.2 and 0.1. (These values represent the extremes in the ratio

of the normal velocity compornent relative to the shock to the freestream

velocity.)
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SECTION 5

CODE OUTPUT

Standard output of the CM3DT code includes printout of the
input variables and body geometry data, parameters of the coordinate
transformation, a brief time history of the calculation, and complete
field data every KOUT steps. Optional outputs are available if requested
by the user, as described below. A glossary of output variables is
provided In the ýppendix (Section lO.2),and examples of the code output

are also provided in the Appendix (Section 10.5).

5.1 PRELIMINARY OUTPUT

5.1.1 Input Variables

The first page of output generated by the CM3DT code lists
values of input variables defined by the user, as well as information
computed internally by the code based on the input parameters. First,
information on all of the freestream properties is provided, followed by

data concerning the thermodynamic model (ideal or real gas) selected for

the calculation.

Information is then provided about the angle of attack and
yaw angle relative to the nosetip centerline as computed by the code
from the input angles of attack and sideslip (which are defined relative
to the afterbody axis). Following this, the input variables defining the
computational coordinate grid, the number of time steps to be taken, and
the output controls are listed.
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This first page of output also provides values of the theoretical

stagnation pressure (PSTAG) and total enthalpy (HTOT), as well as values of
normal shock pressure (PSH), entropy (SRSH), and Mach number (AMSH), as

computed internally by the code from the specified freestream conditions.

Finally, this page of output concludes with explicit statements

of the options that have been specified by the user.

5.1.2 Body Geometry Definition

The next section of the output details the specification of the
body geometry for the calculation. For an analytic, axlsymmnuric geometry,

the values of the coefficients (ACOF) of each curve segment are printed,

as well as the x-values of each segment end point.

For arbitrary body geometries without an offset centerline, the
tabulated values of XB and YB in each PHT plane specified by the user are
printed, followed by a statement of which arbitrary body geometry option,

as described in Section 4.1.2, is used.

For arbitrary body geometries with an offset centerline, the values
of the arrays D1, D2, AE, BE, CE, and DE are printed out at each axial station,

XE(I). Information is also printed out defining the orientation of the new

computational nosetip axis relative to the afterbody axis, as well as the
values of a and 8 relative to the computational axis, as computed auto-

matically within CM3DT.

5.1.3 Conformal Transformations

Following the body geometry information, the output provides in-

formation on the hinge points (whether generated automatically by the cole

or input by the user) in the physical (x,y,o) space, as well as the hinge
point locations after each intermediate conformal transformation. The ex-

ponents (POWER) of each intermediate transformation in each meridional plane

are also provided. Note that the hinge points are printed as H(I,J,L), a

complex number, where the subscripts identify the I! hinge point after

the (J,1)th. transformation in the Ll--meridional plane.
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The final portion of this section of output defines the

stretching parameters (AL) used in the final transformation in each

meridional plane, as well as information defining the downstream boundary

of the region being computed in the transformed space (XIL, XILTH).

5.1.4 Transformed Body Geometry Information

The last part of the preliminary output of the O13DT code
provides body geometry information at each computational grid point
located on the body surface. This information is output for each meridional

plane being computed, and includes data on the location of the point and
the geometric derivatives in both the physical space (XB, YB, DYDX, DYDPH)
and in the transformed space (XIB, ETAB, ETABXI, ETABTH).

5.2 STANDARD OUTPUT

5.2.1 Field Data

Complete field data is output by the CM3DT code every KOUT
time steps, starting with step 0, as well as at the final time step, KMAX.
Within every meridional plane, the data output consists of the location

of every grid point in physical space (X,Y), the local static pressure (P),
entropy (SR), density (RHO), and Mach number (MACH), and the velocity

components in ($,n,B)space (U,V,W). In addition, the variation between
the computed and theoretical values of total enthalpy, ratloed to the

known theoretical total enthalpy, is provided as a measure of convergence

(DH).

Information is also provided within each meridional plane on

the shock position, velocity, and slopes in the transformed space. The
shock position is defined by XIS and ETAS, and the shock velocity in the

transformed space alongk-= constant, e a constant curves is given as ETAST.

This transformed shock velocity corresponds to physical shock velocity

ETSTOG. Shock slopes in the transformed space are given by ETASXI and ETASTH.
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5.2.2 Time History Output

To provide a history of the time-dependent calculation, the

CM3DT code prints at every time step values of four quantities that
provide a means of judging the convergence of the solution. (Convergence

criteria for this code are discussed in Section 6 of Volume I of this
report.) The four quantities printed are PSTAG (pressure at the center-

line body point), DELTA (distance between the body and the bow shock at
the centerline), WRMS (root-mean-square of the shock velocities), and

ETSOG4 (the maximum shock velocity). The convergence of PSTAG and DELTA

indicate the potential convergence of the calculation in the vicinity of

the centerline, while WRMS and ESTOGM serve as indications of the asymptotic
approach of the entire solution to the steady state limit.

5.3 OPTIONAL OUTPUT

5.3.1 Optional Field Output

Optional field output will be generated by the CM3DT code
when the input parameter JOUT is set to 1 or 2. This optional field out-

put is printed immediately following the standard field output, every
KOUT time steps.

With JOUT = 1, information is provided on the conformal
transformations within each meridional plane. Specifically, at every grid

point, values are printed for the (t,n) location of the point in trans-
formed space (XI,ETA), and information on derivatives of the transforma-

tion within that meridional plane. These derivatives are g az Ge t1

and 0 = a(log g)/a, and outputs are provided for the magnitude of g (AG),

the real and imaginary parts of g (REG, IMG), the real and imaginary parts
of eiW(CIS1, CIS2), and the real and imaginary parts of 0 (PHIl, PHI2).
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If JOUT - 2, the same information provided with JOUT • 1 is

printed, as well as information concerning the circumferential derivatives

of the transformation. Values are printed for the real and imaginary

parts of ý/•;* (REZETPHI, IMZETPHI) and for the real and imaginary parts

of ag/Bý (REGPHI, IMGPHI) at every computational grid point when this

option is exercised. Note that the JOUT a 2 option cannot be invoked if

an axisymmetric coordinate mapping (II4AP w 0) has been specified, since

these derivatives then vanish.

5.3.2 Shock Table Output

If a real gas calculation is being performed (IRG - 1), the

user may have the shock property tables printed by specifying ITBOUT - 1.

When this option is selected, values of pressure (P), entropy (S/R), the

isentropic exponent (G), and the downstream normal component of velocity

relative to the shock (UW2) are printed out as functions of the upstream

normal component of velocity relative to the shock (UWI).

It
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SECTION 6

COUPLING OF NOSETIP CODE TO SUPERSONIC AFTERBODY CODE

The CM3DT nosetip flow field code has been coupled to the
supersonic afterbody code described in References 2 and 3 to provide a
capability for the prediction of total vehicle aerodynamics for reentry

vehicles with ablated nosetips. This coupling requires interpolation on
the nosetip solution to provide the required initial flow information at
the starting line of the afterbody code. The relationship between the nose-

tip computational (x,y,o) and afterbody (r,e,z) cylindrical coordinate
systems is described below, as well as the inputs required to couple CM3DT

to the afterbody solution.

As discussed in Section 4, the nosetip computational axis may be

rotated from the afterbody axis in both pitch and yaw, the angles of rota-

tion being denoted by 61 (DELl) and 62 (DEL2), respectively. (Note that if

the computational axis differs from the geometric definition axis, the values
of 61 and 62 are recomputed within CM3DT, as described in the Appendix,
Section 10.4.) The angles of attack (a) and sideslip (8) required as input

to the CM3DT code are defined relative to the unbent afterbody axis.

For the nosetip calculation, however, CM3DT requires the

effective angles of attack (aN) and sideslip (8N) relative to the nosetip

centerline. These quantities are computed internally by CM3DT from

sin BN = sin 8 cos 62 + cos a cos$ sin 62 cos 6A

- sin a cos s sin 62 sin 6A (6.1)

tan aN = ylVx (6.2)
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F where

Vy uV [cos a cos 8 (sin 61 cos 62 cos 6A + cos 61 sin 6A)

+ sin a cos 8 (-sin 61 COS 62 sin 6A + Cos dico

-sin 8 sin d, sin 62] (6.3)

VX VM [Cos a cos 8 (Cos 61 Cos 62 cos 6A -sin 61 sin6A

+ sin a cos 8 (-cos 61 cos 62 sin 6A - sin 61cos6A

-sin a Cos di1 sin 621 (6.4)

It is vrequired that the nosetip computational axis intersect the
afterbody axis; this point of intersection has an x value of x b (XO)*in
the nosetip (x,y,o) coordinate system and a z value of zo (ZO) in the
afterbody (r,e,z) coordinate system. If the afterbody axis is bent, the
bend occurs at a z value of z (ZB). These parameters are illustrated in
Figure 4.1, and must be included in the input to the afterbody code.

At. The relationship between the afterbody (r,e,z) cylindrical co-
and the (x,y,ý) 'nosetip computational cylindrical coordlinate system is

r, described in the Appendix, Section 10.4.

In the generation of starting line data for the afterbody code,
it is necessary to completely define the shock layer flow in a z = constant
surface, at grid points located at known e values at known percentages of

the shock layer thickness. The first step in generating the starting l ine
data is to locate the shock position in the initial data plane;, i.e., *

r z r s (6,z) for the known values of z and e. This requires an iterative

*The parameter XO in the afterbody code is identical to the parameter XHO
in the CM3DT code.
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procedure, assuming a value of r., determining the corresponding values of(x,y,o) and checking the value of y so determined against the shock position
in the nosetip coordinate system, y s y, (x,o). Once the shock position in
the initial data plane has been determined, the location of all afterbody
grid poInts in the initial data plane is known.

Knowing (r,e,z), the corresponding value of (x,y,¢) can be cal-
culated, and the flow variables P,s,u',v', and w' can be determined by
inte;,polation on the nosetip solution. The nosetip transformed velocity
components (u',v',w') may be used to compute the nosetip cylindrical
velocity components (U,V,W) from

U = u't - v'S 
(6.5)

V = A + v'C (6.6)

W = w , (6.7)

(where C + iS = e 'i). The afterbody cylindrical velocity componentsu (radial) and v (circumferential) are computed from

u- cos e Vy + sin e Vz (6.8)
v -sin e Vy + cos e Vz (6.9)

where

Vy = U(-sin 6A cos 6a cos 62 - cos 6A sin 61)
+ (V cos€ - W sino)(-sin 6A sin 6, cos 62 + nos SA cos 61)
- (V sine + W4 cos¢) sin 6A sin 62 . (6.10)

Vz ,U cos a1 sin 62 - (V coso - W sine) sin 6, sin 62
+ (V sine + W coso) cos 6 (6.11)
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The afterbody axial component w can be determined from the conservation of

total enthalpy, expressed as

H a h(ps) + ½ (u2 + V2  + w2 ) (6.12)

where H is the total enthalpy, which is constant and equal to the free-

stream total enthalpy for a steady inviscid flow.

Forces and moments on the nosetip are determined by integration
in the nosetip coordinate system, referencing the moments to the center of
gravity location specified in the afterbody code by (X,Y,Z), as shown in

Figure 6.1. The relationship between the nosetip computational and after-

body coordinate systems is detailed in Sectior 10.4; ( 2 ,y2 ,z2 ) represents

the center 3f gravity location in the nosetip coordinate system.

The force integrals, evaluated relative to the nosetip computational

axes and using the sign conventions depicted in Figure 6.2, may be expressed

as

FAN J BYbbdx (6.13)

FNN f fjx (cos( + sino Ybý/yb)dxd4 (6.14)

o -~

FY= f j PYb(sin¢" cosO Yb¢/Yb)dxd¢ (6.15)

o
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where FAN, FNN, and Fy,, represent the axial, normal, and side forces on

the nosetip, respectively. In these expressions, p is the surface

pressure, X80 is the x value of the centerline body point, and XE(O) is

the x value at the body surface in the afterbody initial data plane,

expressed in the nosetip coordinate system. The nosetip moment integrals

may be expressed as

MzN Pyb[X(COSO+sinoYbo/Yb)

o xBo + YbYbx cos¢] dxd¢

+ (xo + i 2 )FNN - j 2 FAN (6.16)

2r XE(O)

MYN=-f J PybIx(sino - cOsO Ybý/Yb

0 xBo + YbYbx sin¢] dxd&

+ (x0 + x2 )FYN + z2 FAN (6.17)

.f21jfXE(2y 2 (Si)

MXN = -pyb'[2sino cos€ + (sin 2  - cos 2 )

XBo Yb¢/yb] dxd- - 2FN- "y (6.18)
N N

where MZN, MYN, and MXN represent the nosetip pitching, yawing, and

rolling moments, respectively, using the sign conventions depicted in

Figure 6.Z, with i2, Y2, and z2 defining the center of gravity location

in the nosetip Cartesian coordinate system.
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These nosetip forces and moments can be expressed relative

to the afterbody coordinate system as

A (cos d cos 62 cos 6A- sin 61 sn A)FAN
+ (sin 61 cos 62 cos 6A

+ cos 61 sin 6A)FNN -sin 62 cos dAFYN (6.19)

FN = - (cos 61 cos 62 sin 6 + sin 61 cos 6A)FAN

- (sin 6i cos 62 sin 6

- cos 61 cos 6A)FN + sin 62 sin 6AFY (6.20)

N N

FYI= cos 61 sin 62 FAN + sin 61 sin 62 FNN

+ cos 62 FYN (6.21)

Mz' = -cos 61 sin 62MXN - sin 61 sin S2MYN

+ cos 62Mz (6.22)

NN
MY, (Cos 61 Cos 6 2 sin 6A + sin 6 1 Cos 6A)MNN

- (sin 61 cos 62 sin 6A - cos 61 cos 6A)MYN

- sin 62 sin 6AMZN (6.23)

Mx = (cos d1 cos 62 Cos 6A sin 61 sin 6A)MXN

+ (sin 61 cos 62 Cos 6 A + cos 61 sin 6A)MY
N

+ sin 62 Cos 6AMZN . (6.24)

N(
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The axial force (FA'), pitching moment (Mz'), and yawing moment (My') of

the tuosetip in the afterbody coordinates are denoted by primes to indicate

that these quantities have been computed assuming zero base pressure

(Pb - 0). In the afterbody code to which CM3DT has been coupled, however,

forces and moments are computed assuming that Pb - p.. For

consistency, the axial force and yawing and pitching moments for the
nosetip, expressed in the afterbody coordinates, can be modified to

fit this assumption using
27r

FA F FA, I (e)de (6.25)

Mz = MZ- p• f rbcose 7I½(Y-d)]rb2(e)de (6.26)

My-M'+p• rsine + X )rb(G)de (6.27)

0

where the integrals are to be evaluated at the initial data plane of the

afterbody, in the afterbody cylindrical coordinate system (r,O,z).
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SECTION 7

INPUT GUIiDE LIST AND SAMPLE CASES

7.1 INPUT GUIDE (CM3DT)

The tirst input record is a title card which may contain up to

80 characters of alphanumeric information. Following the title card,

the input variables are read in the NAMELIST format, where the NAMELIST

group name is INPUT.

INPUT CHECKLIST

(Title Card; Alphanumeric information
in columns 1-80)

$INPUT (Namelist Identifier)

(Freestream Conditions)

AMINF

QINF

IRG

IATMP

ALT

PINF

TINF

GIDEAL

RIDEAL

ZIDEAL

ALPHA
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BETA

DELA

DEL1

DEL2

(Geometry - Analytic)

NSEG

ACOF(I,J)

ADIV(J)

(Geometry - Arbitrary, without Offset)

NPHI

PHIBD(L)

NPTS(L)

XB(I,L)

YB(I,L)

(Geometry - Arbitrary, with Offset)

NPHI

XE(I)

AE(I)

BE(I)

CE(I)

DE(I)

Dl(I)

D2(I)

NPTS(1)

NSEG

48.
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ACOF(I ,J);

XHO

(Gri d Definition)

XBO

XBB(L)

NMAX

MMAX

LMAX

I MAP

IHINGE

Hl(I,L)

DELH

JA

ISA

(Time-Step Controls)

KMAX

STAB

KSTART

KGRID

(Output Controls)

KOUT

JOUT

KTAPE

ITBOUT
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(Miscellaneous Controls)

ILAM

RN

TEST(I)

(Shock Table Controls)
(Real gas only)

NUWTB
UWTBMX

UWTBMN

(End of NAMELIST input)

7.2 INPUT GUIDE (AFTERBODY CODE)

The standard inputs to the afterbody code are defined in Reference
4. The version of this afterbody code modified for use with CM3DT has four
additional input parameters that must be defined to relate the nosetip
and afterbody coordinate systems. These inputs are:

ZB z, Afterbody axial location where
afterbody axis is bent

ZO zo, Afterbody axial location where
afterbody and nosetip axes intersect

XO xe, Nosetip computational coordinate system
axial location where afterbody and nose-
tip axes intersect (not required if off-
set centerline nosetip geometry option used)

TEST(4) Convergence criterion for shock position
interpolation in generating starting line
data, preset to 0.001.
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7.3 SAMPLE CASES

In this section the inputs required for three sample calcula-

tions with the CM3DT code are presented, along with the inputs required

for a sample afterbody calculation. The samples of output presented in

the Appendix, Section 10.5, have been selected from these sample cases.

Case 1 - The first sample case is a sphere in ideal gas (y a 1.4)
at r, - 20 in both pitch and yaw, with a - 5 and 8 a 5o The geometry

is defined analytically, and an axisymmetric coordinnte mapping is used.

The non-conservation version of the code is used for this calculation.

INPUT FOR CASE 1

CM3DT (NC. SPHERE MACH 2_0 ALPHNA5 B ET1=5
IINPUT
RMINF=2 0. O, LPHa=5. O, BETA=5. 0,
14SEG- 1 , A¢C]F 9,% 1) 1. O, 1 . 5,, 0. 5.,
X:Bono. 0, XBB QI> =0.5,'. IMAP=OI, JA=5,
IMIA'<', ý Mt1X= I OL) LMAX -e, I SA2
KMAX:.'= 00. KUrT=-300
ILAM0, R1=0. 5, S

Case 2 - The second case is a calculation of an ideal gas flow
at M, 11.6 over an axisynmetric indented shape, the Mildly Indented Body

(MIB), depicted in Figure 7.1 and described in Reference 5, at a a 20. An

arbitrary, axisymmetric geometry definition is used, and an axisymmetric

coordinate transformation is invoked. Since the MIB shape is Indented,

with an embedded shock, the X-differencing calculation procedure is used.
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INPUT FOR CASE 2

CM3DT(LAMBDA) MIB MACH 11.6 ALPHA=a
$IMPUT
AMIMF11 .6"ALPHA-2. 0,
rIPHI =1, NPTS (I> =30,
XB(1 =0. , . 0065, . 0269,. 0617,. 1096,. 1701, .2672, .4218, .6113 .8154.9I.03:.32, 1.2912,1.5692, 1.542,2. 1395,2.4122,2.6584,2894,3. 1255,
3. 3684, 3.6552P4.09 4.2,4.4,4.6,4.895. O,5.5.6.0,6.5,
YB(I>=0.,.1511,.3059,.4606,.6097,.751,.87 9 ,.9%;03, I.0727,I.1 7 2 2 ,1.2•809,91.4043P 1. 5511,t1. 7299,91.•942P2. ISI8182. 4318.92. 6766, 2. 0=76,
3. 0984, 3. 2645,3.39.5,3. 4483 .3. 479.3, 3. 5004t,3. 5214,3. 5424,3. 595,
3.6475,3.7001,
XBO=0. 0 tXBB Q1) =9*6. 0, IMAP=0, JR=7, 7
INMAX= I , MMAX= 18, LMAX=9,
KMB:=500, KOUT=500,
IL~RM=I, RN=I.75,'3

Case 3 - The last sample case for the CM3DT code has been selected
to demonstrate the use of an asymmetric conformal mapping procedure. The
nosetip being computed is the Blunt-i asymmetric shape, with offset circular
cross-sections assumed (NPHI=2). The calculation is performed with the-
X-differencing procedure, at a Mach number of 13.4 in ideal gas, at a = 30.
Note that the nosetip centerline is rotated in the pitch plarie by 61= 9.6480
from the afterbody axis, leading to an effective nosetip angle of attack of
aN = 12.6480. This nosetip shape, and its orientation relative to the after-

body axis, is illustrated in Figure 7.2.

INPUT ;OR CASE 3

CM'_3DiT LRMB iD) FBLUNT-1 N0.5E •.:HAPE MAC:H 13. 4 ALPHA==3'i I NIPU.T
RMIrIF= 1.2.4, ALPHA=3. 0. i'ELI=9. 648,
riPH I =2, r 'PT ':1: =' . 3" ',.-.B 1, 1,=. , 2--,," .2,., 247,. ... , 3,. 34,.4,.427,.*5,. 7,. 8,.* , 1.0,1.1,1.IS, 1. •,

1. 22ý 1. 241 1. 28, 1. 4,1 .6,1. 8,2. 0, 2.2P2.4,2.6,2.'.:3.'rB <1 1,.:' = , ii , .* .~, .* .3, *4.,. 438.•, *5 ,. 57"• i.i, *•. 6 .* l .67 *l 81. :365, . 92,, . 96, 1. O!11. 032,I.n3-: . 43 1 05, 1. P 1 .0•5 1. 15, 1.2f08. 1. 265,1 2 , .7 ,14 3

1.489, 1.545,
,:B (1 2;1 =. 22. 21.,:. 245,. 26 .3, * .34, . 38. 42, .46 • 6.8,1 0,1 1 . 4,1 44,

1.48, 1 1 .5 5691.6P1.65,1.7P1. 74,1.8 1.-,2. 0P,2.2,2.4P2.6,t2.8,3.0,
"B (1,2) =1". 9."14, . 1, • 16 F .245, •302, .345, . 378 .412 9,. 527, .695, 8.6, 1.0027,
I . 195, 1 2.3,1 26, 1. 3,1. 2,1. 342,1. 363,1 ."75,1 .3,1. 377,1 372,1 365,
1. :52-,. 1 . 339,: , 1 . '.279 1. 314, 1.3101 ,
XBI:= 0o22, XBB (Il =;'. 4, . 8, IMAP=lIJA=7, DELH=. 15,

NIrIX=6, MMA.F:= 18 -, LMAFX=9,
KMAX=5 0 0'. KOU T =5 0 C, K TAPE-5 0 C' P .Ol T-=2.,

t I LAM= I • RN= I. 0 S, :
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Case 4 - This sample case presents the inputs required to run the
afterbody code, using the CM3DT code to generate the necessary initial data.
This calculation is for a 60 cone (with no bend in the afterbody axis),
with the Blunt-1 asymmetric nosetip attached. The afterbody calculation
is performed at a a 30, and the initial data is obtained from the CM3DT
calculation described in Sample Case 3.

INPUT FOR CASE 4

MN!3IS BLUNT-1 NOSE SHRPE 6 DEG CONE MRCH 13.4 ALPHF=.3
I STRPT=5On.,,
"NMRAX= 11 MMRX=9,
MPRINT=O,:':024, Z O= 13. 35 7,Z'S TAR, T12.,745 7P ZEND=i4 7. 0,-

ALPHA=?.,
,Y'TRB (:1., 1) a-1 3408, YTRB (1 2) =-4. 94,
ZXYTRB=I1. 757,4?.0.O
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SECTION 8

DEFINITION OF APPLICABILITY OF
CM3DT NOSETIP CODE

The CM3DT inviscid nosetip flow field code has extended the range

of nosetip geometries for which successful inviscid flow field calculations

can be performed by using a new coordinate system which can be closely
aligned with the body geometry, and by using the X-differencing scheme to

compute embedded shocks on indented shapes in an approximate manner.

Limitations do exist, however, in the application of this technique to

ablated reentry vehicle nosetips.

As an inviscid technique, CM3DT is not capable of treating flows

where viscous effects are important, such as separated or oscillating flows,

as might occur on severely indented shapes. In addition, since CM3DT
approximates embedded shocks as isentropic compressive discontinuities,

the accuracy of the CM3DT results diminishes as the strength of an embedded

shock grows.

This section details the results of an effort to define those
indented nosetip shapes for which the CM3DT code can be expected to provide

reliable flow field results. This effort is restricted to indented nose-

tip geometries, since CM3DT, by virtue of its unique body-oriented coordi-
nate system, does riot suffer from any limitations on its application to

convex geometries, other than the requirement for having a sufficient

number of mesh points to adequately resolve critical features of the flow

field. (This restriction, of course, applies to all flow field techniques.)

The approach taken to define the applicability of the CM3DT

technique to indented nosetip shapes was to perform calculations with an
axisymmetric version of the CM3DT code on parametrically varying indented
iiosetip geometries. The generalized nosetip geometry used in these
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calculations, taken from Reference 6, is shown in Figure 8.1, and is defined

in terms of the nose radius (RN), the fillet radius (RF), the shoulder radius
(RS), the cone angles (81, 62), the nosetip length (Z), and the fineness ratio

(k/d). Most indented nosetip geometries can be modeled (albeit approximately)

with this parametric representation.

All calculations were performed with constant nose radius

(RN = 0.5); because of the lack of an intrinsic length scale in inviscid

flows, the effects of variation in RN can be investigated by keeping RN
constant and varying other parameters. The shoulder radius was also held

constant for these calculations (RS = 0.5), since this parameter does not

significantly affect the flow in the indented region.

The bulk of the calculations were performed with zero fillet radius

(RF = 0), corresponding to a sharp compression corner in the body geometry.

A limited namber of calculations were performed with a non-zero fillet

radius, providing a direct comparison of the effects of a gradual versus a

sharp compression on the flow field computation.

Most calculations were made at M1 = 10, assuming ideal gas thermo-

dynamics. Several calculations were made at M. = 5 and M. = 20 in order to
assess the effects of freestream Mach number on the flow field results.

Since only indented shapes were of interest in this study, the

configurations considered were constrained by the requirement that 62> 0I.

Furthermore, since embedded shocks can occur only when the shock layer flow

upstream of the shock is supersonic, values of 61 greater than 400 were

not considered.

Use was made of an axisymmetric version of CM3DT in order to

minimize the computer resources required for this effort. However, all

axisymmetric calculations were performed using no more mesh points along

the body (MMAX) and between the body and the shock (NMAX) than are

available within the CM3DT code, so that the results obtained can be applied

57.
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directly to the CM3DT code. The effects of angle of attack on the appli-

cability of the CM3DT code were assessed by examination of three-dimen-

sional calculations performed as part of the validation procedure for the
CM3DT technique.

For each calculation, an assessment of the quality of the

solution was made in order to determine if the solution was acceptable
(i.e., was the numerical technique capable of providing an acceptable

solution for that particular nosetip geometry). Although the evaluation

of solution quality is subjective, several key parameters were carefully

examined. In particular, values of DH (variation of computee total en-
thalpy from the known theoretical total enthalpy) and. WRMS (root-mean-

square of shock point velocities) were considered; ideally, these quantities

should vanish in the limit of a perfectly converged solution.

As discussed in Volume I of this report (Reference 1), criteria

on DH and WRMS have been developed to define a Converged solution for the
CM3DT code. ýThese criteria represent sufficient, but not necessary,

conditions for convergence.) In the judgement of the suitability of the

solutions obtained, these criteria were not adhered to rigidly. For
example, the formal convergence criterion on DH requires that IDHI not
exceed C.05 at any mesh point in thetsolution; however, when approximating

embedder. shocks as isentropic discontinuities, as'done in CM3DT, JDHI may
be higher than 0.05, and the solution may still be judged acceptable.

For solutions that were judged to be unacceptable, it was noted

that, as the degree of the indentation increased, the flow computed along
the body surface frequently reversed. Any calculation with this flow

reversal at the surface was deemed unacceptable. (Since the calculations

are inviscid, this flow reversal should not be taken as an indication of
separation, which is a viscous phenomenon. It is probable that this in-
viscid flow reversal is indicative of the limitations of the approximation

to the embedded shock used in- the CM3DT analysis.)
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Based on the results of the axisymmetric calculations, it was

determined that neither freestream Mach number nor nose radius had a

significant effect on the ability of the technique to compute the flow on
indented shapes. The results obtained from these caluclatiens could most

readily be correlated in terms of the maximum value of 62 for a given value

of 81 for which successful calculations could be made (with RF = 0). A
plot of 62MtX versus el is given in Figure 8.2.

It is of interest to note that the curve shown in Figure 8.2 can

be closely approximated by a straight line defined as 82MAX = 81 + 150.
In a previous study evaluating the applicability of a blunt body code
(Reference 7), it was determined that the mesh resolution required to ob-

tain a valid finite difference solution must be fine enough to ensure that
no mesh interval covers a region of flow turning angle of more than 150.

Although the code evaluated in Reference 7 is applicable only to convex

geometries, the correspondence of the Ae = 150 limitation arising in both

the CM3DT evaluation and the previous effort is striking.

Investigations were also carried out to assess the effects of

non-zero fillet radius on the ability of the technique to treat indented
nosetip shapes. In general, it was discovered that the presence of a fillet

could relax the e2MAX (0I) criterion for a successful calculation, provided

that the fillet radius is large enough (and the mesh resolution fine enough)
to have mesh points in the finite difference grid lying on the fillet,
located such that Ae across a mesh interval is no larger than approximately

150.

An example of the effects that can be expected from the presence

of a fillet is provided by the Mildly Indented Body (MIB), an axisymnietric

indented shape described in Reference 5. For this configuration, with
61 = 260 and 82 = 460, the criterion shown in Figure 8.2 yields 02MAX a 410,

with a zero fillet radius. The MIB geometry, however, has a fillet radius

of RF 4.375 (with RN 1.75), and the CM3DT code is known to give good
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results for this case (as shown in Reference 1). Thus, the presence of
the fillet has, in this case, extended the range of e2 for which success-
ful calculations can be expected.

The presence of a sufficiently large fillet cannot, of course,

totally relax limitations on the strength of the compressions that can be

treated (i.e., the maximum value of 82 for which a calculation is feasible
for a given value of el). In general, the presence of a fillet should be

expected to increase the maximum allowable value of e2 by no more than 20%.

The investigation of angle of attack effects on axisymmetric in-

dented nosetip shapes revealed no large effects relative to the success
of CM3DT calculations for a given geometric configuration. (It was noted,

however, that as the angle of attack increased, more time steps were re-

quired to attain a satisfactory solution.) Because of the almost infinite
number of possible geometric variations, no attempt was made to study angle

of attack effects on asymmetric indented shapes.

Based on the results of this effort, the applicability of the
CM3DT nosetip code to a given indented nosetip geometry can best be defined

in terms of the 62MAX versus 81 criterion depicted in Figure 8.2. Use of

this criterion requires the user to appvoximate a particular geometry in
terms of the parameters shown in Figure 8.1; for an asymmetric geometry,

this characterization must be made in each meridional plane to be computed.
The value of 82MAX corresponding to the particular value of 91, coupled
with the potential ameliorating effects of a non-zero fillet radius, will
provide a guide to the user as to whether or not CM3DT can be expected to

provide a successful flow field calculation.
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SECTION 10

APPENDICES

10.1 GLOSSARY OF INPUT VARIABLES

Default values are indicated in parentheses at right.

ACOF(I,J) ith coefficient in jth segment of analytic
axisymmetric bcdy geometry definition
(NSEG>O) or for centerline offset in pitch
plane (NSEG<O); INSEGI segments

ADIV(J) Abscissa of the end point of jth segment
and the beginning point of t•i Jth + 1st
segment of analytic axisymnmetric body
geometry definition (NSEG>O) or for
centerline offset definition (NSEG<O);
INSEGI-1 values must be supplied

AE(I) Array of a values for arbitrary geometry
option with centerline offsets (NPHI<O)

ALPHA a, Angle of attack (degrees), relative (0.0)
to afterbody centerline

ALT h, Altitude (feet), if IATMP 0 0

AMINF M14, Freestream Mach number (required
if QINF not input)

BE(I) Array of b values for arbitrary geometry
option with centerline offsets
(NPHI - -2, -3, -4)

BETA B, Sideslip angle (degrees), relative (0.0)
to afterbody centerline
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CE(I) Array of c values for arbitrar,, geometry
option with centerline offsets
(NPHI • -3, -4)

DE(1) Array of d values for arbitrary geometry
option with centerline offsets (NPHI a -4)

DELA 6A, Bend angle (degrees) in pitch plane (0.0)
of afterbody axis

DELH Spacing parameter for automatic generation (0.1)
of hinge points

DELl 61, Pitch angle of orientation of nosetip (O.C)
geometric axis relative to bent after-
body axis (degrees)

DEL2 62, Yaw angle of orientation of nosetip (0.0)
geometric axis relative to bent after-
body axis (degr-ees)

D1(I) Array of centerline offsets in pitch plane,
NPHI<O

02(I) Array of centerline offsets in yaw plane,

NPHI<O

GIDEAL y, Ideal gas isentropic exponent (1.4)

GMW Gram molecular weight of equilibrium air (28.9644)

Hl(I,L)* Location of ith hinge point, x+iy in Zth
plane for IRUNGE 1 1; must have JC -- A+2
entries in each plane, NPHI planes

*Complex quantity
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IATMP Atmospheric freestream property assignment
indicator:

#0 Freestream pressure and temperature from (0)
1962 standard atmosphere

IHINGE Hinge point generation indicator (0)
=0 Hinge .oints generated automatically
=1 Hinge points input

ILAM X-differencing calculation indicator (0)
=0 for non-conservation calculation
=1 for X-scheme calculation

IMAP Coordinate transformation indicator (1)
=0 For axisymmetric mapping
=1 For asymmetric mapping

IRG Real gas option indicator (0)
=0 For ideal gas thermodynamics
=1 For equilibrium air thermodynamics

ISA Plane of symmetry indicator (1)
=1 Pitch plane of geometric symmetry

and S = 0
=2 Asymmetric shape or 0 ý 0

ITBOUT Shock table output indicator (IRG = 1 only) (0)
=0 No shock table output
=1 Shock tables output

JA Number of "corners" defined by hinge
points (maximum 7)

JOUT Field output indicator (0)
=0 Field data only output
=1 Field data and transformation functions

output
=2 Field data, transformation functions,

and circumferential transformation func-
tions output
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KGRID Number of time steps between inverse (10)
coordinate transformations

KMAX Maximum number of time steps

KOUT Number of time steps between complete (50)
output

KTAPE Number of time steps between writing output (-1)
on tape
<0 No tape output

KSTART Step number for restart (-1)
<0 Solution initialized at step 0

LMAX Number of circumferential planes in (7)
calculation (maximum 9)

MMAX Number of grid points along body in each (13)
meridional plane (maximum 18)

NMAX Number of grid points between body and (6)
shock (maximum 11)

NPHI Number of planes of arbitrary body geometry (0)
input (maximum, 9); NPHI>O for no offset
in geometric centerline, NPHI<O for
offset geometric centerline option

=1 Axisymmetric arbitrary geometry
=2 Circular cross-sections with centers

offset from geometric centerline, pitch
plane of geometric symmetry assumed

=3 Bi-elliptic cross-sections, pitch plane
of geometric symmetry assumed

=4 and ISA = 2 Quad-elliptic cross-sections
=4 and ISA = 1, or NPHI>4 Arbitrary cross-sections
=-1 Circular cross-sections with offset

geometric centerline
=-2 Elliptic cross-sections with offset

geometric centerl irne
=-3 Bi-elliptic cross-sections with offset

geometric centerline
-- 4 Quad-elliptic cross-sections with offset

geometric centerline
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NPTS(L) NPHI>O, number of (XB,YB) points inpUt in
PHIBD(L) plane for arbitrary geometry
option with no centerline offset
(maximum value of 50)

NPHI<O, number of entries in XE, AE, BE,
CE, DE, D1, and D2 arrays for arbitrary
geometry option with centerline offset;
only NPTS(1) required (maximum value of 50)

NSEG >0 Number of segments used to define (0)
analytic axisymmetric body geometry
(maximum 6)

<0 For NPHI<O, number of segments used
to define pitch plane centerline offsets
for arbitrary body geometry (maximum
value of JNSEGJ is 6)

NUWTB Number of entries in shock table (91)
(real gas)

PINF p=, Freestream static pressure (real gas, (1.0)
Ibf/ft 2 )

PHIBD(L) Circumferential 'lanes for arbitrary geometry
input (degrees5; NPHI>O (maximum of 9)

QINF V., Freestream velocity (required if AMINF (0.0)
not input) (real gas, ft/sec)

RIDEAL R, Gas constant (ideal gas) (1.0)

RN RN, Effective nose radius, used to estimate (0.5)
initial shock stand-off distance and locate
hinge points, (IHINGE = 0)

STAB Stability factor in step-size calculation (1.0)

TEST(1) Convergence criterion for geometry iteration (10-6)

TEST(3) c for hinge points on horizontal axis (10-6)
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TEST(8) Factor on shock stand-off distance for (1.5)
automatic generation of H1(1,L)

TEST(11) Convergence critorion for shock property (10-)
iteration (real gas)

TEST(12) Convergence criterion for stagnation (10-6)
conditions iteration (real gas)

TINF To, Freestream static temperature (1.0)
(real gas, OR)

UWTBMN Minimum value of u/V®**, independent (0.1)
variable for shock tables

UWTBMX Maximum value of u/Vt**, independent (1.2)
variable for shock tables

XB(I,L) Abscissa of ith point in arbitrary geometry
description-in plane PHIBD(L); NPHI>O
(XB(1,L) = XBO)

XBB(L) Abscissa of body point in plane PHIBD(L)
defining downstream boundary of the
computational region (NPHI values to be
specified if NPHI>O, one value if NPHI<O
or if NSEG>O)

XBO Location of body point on nosetip (0.0)
geometric axis

XE(I) Array of 2 values for arbitrary geometry
option with centerline offsets (NPHI<O)
(NPTS(1) values)

XHO Value of 2 where nosetip geometric axis
*i intersects bent afterbody axis

**u is the normal component of the freestream velocity relative to

the shock
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YB(I,L) Ordinate of ith point in arbitrary geometry
description Tn plane PHIBD(L) ; NPHI>0
(YB(1,L) a0.0)

ZIDEAL z, Compressibility factor (Ideal gas) (1.0)
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10.2 GLOSSARY OF OUTPUT VARIABLES

AG IgI = la/azt

AL(L) a(¢), Stretching parameter

AMSH Mach number downstream of normal shock

CISi C - cos(-W)

CIS2 S - sln(-w)

DELTA Shock layer thickness at the centerline

DH (H-H0 )/H0 , Variation of total enthalpy

DYDPH ayb/ao, Circumferential body surface derivativebin physical space

DYDX ayb/ax, Longitudinal body surface derivative
in physical space

ETA n, Ordinate in transformed space

ETAB b(W,e), Body surface in transformed space

ETABTH ab/ae, Circumferential body surface derivative
in transformed space

ETABXI ab/DE, Longitudinal body surface derivative
in transformed space

ETAS c(E,6,T), Bow shock surface in transformed space

ETAST ac/aT, Shock velocity in transformed space
im

1.71.
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ETASTH ac/ae, Circumferential shock surface derivative
in transformed space

ETASXI ac/aý, Longitudinal shock surface derivative
in transformed space

ETSOGM Maximum absolute value of ETSTOG at all shock
points at a given time step

ETSTOG II(ac/at), Shock velocity in physical space.

G y, Isentropic exponent

H h, Static enthalpy

H(I,J,L) hij k, Image of ith hinge point after (J-l)th
' ansformation Tn kth € plane

HTOT Hot Freestream total erthalpy

IMG Im(g)

IMGPHI Im(g )

IMZETPHI Im(%))

M M.., Freestream Mach number

MACH M, Local Mach number

P p, Static pressure

PHI €, Circumferential coordinate in physical space
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PHI" Re(4)

PHI2

POWER(JL) 6j,•, Exponent of Jth transformation in t&th
plane

"PSH Static pressure dotmstream of normal shock
..(Real gas, lbf/ft2 .).

PSTAG Po, Stagnation pressure (Real gas, lbf/ftW)

V., FreestrieaM velocity (Real gas, ft/sec)

QQ lJv0 , Freestreamr dynamic pressure (Real gas,S__ Ibf/ft2) "

REG Re(g)

REGPHI Re(g,)

REZETPHI Re(•€)

RHO p, Density (Real gas, slugs/fts)

SR s/R, Non-dimensional entropy

SRSH Non-dimensional entropy behind normal shock

T T, Static temperature (Real gas, OR)

THETA e, Circumferential coordinate in transformed space

TIME t, Time coordinate

7I



U u, &-velocity component

V v, n-velocity component

W w, n-velocity component

WRMS Root-mean-square of shock velocities in physical
space

X x, Axial coordinate in physical space

XI C, Abscissa in transformed space

XIB & at body point

XIL(L) YLe), Downstream boundary of computational space

XILTH(L) dýL(O)/de

XIS • at bow shock point

XB x at body point

Y y, Radial coordinate in physical space

YB y at body point

YS y at bow shock point
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10.3 GLOSSARY OF SUBROUTINE NAMES

Routines indicated by (*) were obtained from the flow field

,ode described in References .2 nd 3.

AIR* Tabies of equilibrium air thermodynamic properties

ATERR Prints out error message

ATMP* Deterfination of freestream pressure and -
temperature from tables of 1962 Standard Atmosphere

BFL3CM Binary file routine

BFR3CM Reads binary file (entry point in BFL3CM)

BFW3CM Writes binary file (entry pbi-nt in BFL3CM)

CM3DT Main routine; i.nitialization

CM3ST Calculates starting line data fo- afterbody
computati[n

{ CUFTI*
CUFTi* Cubic spline fit routines
CUFT2*

FREE* Calculates freestream conditions

GEOM3 Analytic body geomecry subroutine

GEOM4 Initialization for arbitrary body geometry
definition, with no centerlIne offset

GEOM4B Arbitrary body geometry rGutine with no

canterline offset (entry point in GEOM4)

7
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GEOM5 Initialization for arbitrary body geometry
definition, with centerline offset

GEOM5B Arbitrary body geometry routine with
centerline offset (entry point in
GEOM5)

GRID3D Calculates coordinate transformation para-
"rpeters a.t.grid points

HING3D Calculatei. hinge point locations and
transformations ofhinge points

IDEAL* Calculates ideal gas properties

LINB* Solves system of linear equations
(used in spline fi.t)

MAP3D Conformal mapping transformation function
(complex)

OUT3D Output routine,

PVE3DNC Time-dependent calculations in non-conservation
form

PVE3DL Time-dependent calculations with the X-differencing
scheme

REALP Determines real part of a complex number
(used in CM3ST)

RGAS+ Calculates real gas properties

RLERR Prints out error message if range of real gas
tables is exceeded

+This routine is the same as the REAL routine in Reference 3: the name has
been changed to allow use of the intrinsic function REAL in complex arith-
metic with CM3D'T.
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SHKTAB* Constructs shock tables

SHOCK* Calculates properties downstreamn of shock for
specified noftal freestream velocity component

STAGPT* Calculates stagnation po1n4 conditions

TBL* Table search

TBL1* Single table look-up•

TLU1* Table look-up (used in spline fit).

77.
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10.4 SUMMARY OF COORDINATE TRANSFORMATIONS

To provide maximum flexibility to the user, the CM3DT nosetip

flow field code has been formulated to allow definition of the nosetip
geometry in a coordinate system that is convenient to the user and is not

necessarily aligned with the vehicle afterbody coordinate system. In
addition, provision has been made for a bent afterbody axis to further

generalize the applicability of the CM3DT code. This section details

the relationships between the various coordinate systems that are used in

the CM3DT code.

The afterbody cylindrical coordinate system, (r,B,z), is defined

as shown in Figure 10.1, where the axis may be bent in the pitch plane by
an angle 6A at z - Defining an afterbody Cartesian frame (xylz 1 )

oriented with the unbent afterbody axis, the Cartesian coordinates may be

expressed as

x1 az- (Z0.1)

Y, = r cos 9 + d(z) (10.2)

z1 - r sin e (10.3)

where

d(z) = (i-z) tan 6A (10.4)

Another Cartesian coordinate system (x',y',z') may be defined

that is oriented with the bent afterbody axis. This system is related to
the (xl,y 1 ,zj) frame by

.1' "Cos 6 A -sin 6 A 0 (10 X.

iiy Lsin SA Cos i 0 ( Y (10.5)

78.
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The next coordinate system of interest is the nosetip geometric

,I A I

cylindrical system (,y ,) in which the nosetip geometry is to be defined

in CM3DT. The associated Cartesian system, denoted by (X , ci ), z s

defined from

Xc (10.6)

AA A

"Yc -- Cos $ (10.7)

A A

Zc =y sin s (10.8)

As discussed ii Section 4 of this report, the nosetip geometric

axis intersects the bent afterbody axis at z = z and x = Xo0 and may be

rotated in both pitch and yaw by the angles 61 and 6 2 respectively, as

shown in Figure 10.2. The (x ,& ,i¢) and (x',y',z') Cartesian systems may

then be related through

AA

c cos 6 " sin r 0 Fos 62 sin 6i rx, + (T-zo)/Cos A

^c '°=sin 61 cos 6, 01iL 0 1 cosOi yj
Z c J. 0 0 1J sin 62 0 C s 6z'

(10.9)

The (x,y',) nosetip geometric coordinate system also serves as

the (x,y,o) computational coordinate system in the CM3DT code for those

cases where there is no offset to the cross-section centers (NSEG>O or

NPHI>O). However, if the cross-section centers are offset (NPHI<O) the

computational axis will not be coincideint with the geometric axis, and

additional transformations will be required.
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The nosetip computational axis is defined as a straight line

that passes through the points (xbo, dlo, d 2o), (o, 0, 0) in the geometric

Cartesian coordinate system, where 4b0 = XBO, dlo = D1(1), d2o = D2(1),

and X0 = XHO. As shown in Figure 10.3, the orientation of the computa-

tional axis to the geometric axis can be described by the angles 6 1N and

6•2N:

tan 62N = d2o/(Xo - Xbo) (10.10)

tan 61N = dlo cos 62N/(xo - Xbo) (10.11)

Defining the Cartesian frame oriented with the computational axis

as (xcYc ,Zc), the transformation to the computational frame becomes

x c-(X°'bo)/(cos 61N cos 2N) cns 61N -cos 62N

YC N= csi 61N cos62N 0

L Zc 0 0 1

r cos 6 2N 0 -sin 62N Xc-X°

L sin 6 2N 0 cos 62N Zc1 2

This transformation is defined such that the most forward body point in

the geometric system, x - xbo, has the value xc - 0 in the computational

sy)stem. The CM3DT code automatically redefines the input parameters

.XBO and XHO to be 0 and (^x- xbo)/COS 61N Cos 62N' respectively, when
a new computational axis is defined. In addition, the code also redefines

the angles a, and 62 so that they represent the orientation of the computa-

tional axis to the bent afterbody axis.

82.
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The redefinition of 61 and 62 is accomplished by expressing

the coordinates of the point (xbo, d1 o, d 2o) in the geometric coordinate

system in terms of the Cartesian system oriented with the bent afterbody

axis (by inversion of Equation (10.9)) to yield

x' + z )/Cos cos 62  0 sin 62 1
x' ( Y' z/o [ 1 0

SZ' J -sin 6 2  0 cos 62
SA

cos 6a sin 61 0 40 X -bo

sin 61 cos6 1  0 dlo 1 (10.13)

0 0 1 d20

(Note that in Equation (10.13) the angles 6, and 62 are the values input

by the user to define the orientation of the geometric axis.)

New values of 61 and 62 (defining the orientation of the compu-

tational axis) can be determined from the results of Equation (10.13) as

tan 62 = -z'/{x' - (- -zo)/cos 6A) (10.14)

tan 6 := "y1 cos 62/{x' - ( o- Zo)/cos 6 A} (10.15)
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10.5 SAMPLE CM3DT OUTPUT

a.) SAMPLE CASE 1. TITLE SHEET.

b.) SAMPLE CASE 2. TITLE SHEET.

c.) SAMPLE CASE 3. TITLE SHEET.

d.) SAMPLE CASE 3 (AFTERBODY). TITLE SHEET.

e.) ANALYTIC GEOMETRY INPUT (SAMPLE CASE 1).

f.) ARBITRARY GEOMETRY INPUT (NPHI = 1) (SAMPLE CASE 2).

g.) ARBITRARY GEOMETRY INPUT (NPHI = 2) (SAMPLE CASE 3).

h.) HINGE POINT TRANSFORMATION (SAMPLE CASE 3).

i.) CIRCUMFERENTIAL TRANSFORMATION DATA (SAMPLE CASE 3).

j.) BODY GEOMETRY INFORMATION (SAMPLE CASE 2).

k.) SAMPLE TIME HISTORY OUTPUT (SAMPLE CASE 1).

1.) FIELD OUTPUT (SAMPLE CASE 1).

m,.) FIELD OUTPUT (SAMPLE CASE 2),

n.) FIELD OUTPUT (SAMPLE CASE 3).

o.) FIELD OUTPUT, JOUT = 1 (SAMPLE CASE 3).

p.) FIELD OUTPUT, JOUT = 2 (SAMPLE CASE 3).
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